We report new techniques for driving high-fidelity stimulated Raman transitions in trapped ion qubits. An electro-optic modulator induces sidebands on an optical source, and interference between the sidebands allows coherent 
far detuned from the excited state, making decoherence due to spontaneous Raman scattering negligible, though the SRT coupling itself vanishes when the detuning becomes much larger than the excited state fine-structure splitting.
2 We therefore desire qubit ions such as 111 Cd + or 199 Hg + that have a large fine-structure splitting. Such ions also exhibit a large ground-state hyperfine splitting, making it difficult to span the frequency difference with conventional acousto-optic modulators. In this letter, we describe several methods for driving SRT in trapped 111 Cd + ions using a high frequency electro-optic phase modulator (EOM).
The experiment is conducted in an asymmetric quadrupole rf ion trap, as described in previous work. following the EOM can be written as
where E 0 is the unmodulated field amplitude, J n (φ) is the n-th order Bessel function with modulation index φ, and δk = ω HF /2c. We couple the beam into a build-up cavity containing a BBO crystal for sum frequency generation. The free spectral range (fsr) of the cavity is carefully tuned to be 1/4 of the modulation frequency so that the carrier and all the sidebands resonate simultaneously. The resulting ultraviolet radiation consists of a comb of frequencies centered at 229nm and separated by ω HF /2.
The carrier is detuned by ∆/2π ∼ 14T Hz from the excited 2 P 1/2 state (the finestructure splitting between 2 P 1/2 and 2 P 3/2 is ∼ 72 T Hz), resulting in an expected probability of spontaneous emission per Rabi cycle of ∼ 10 −5 . At the output of the cavity the electric field becomes
where η is the harmonic conversion efficiency (assumed constant over all frequencies considered). All pairs of spectral components of electric field separated by frequency ω HF can individually drive SRT in the ion, but the net Rabi frequency vanishes due to a destructive interference. Therefore, the relative phases and/or amplitudes of the spectral components in Eq 2 must be modified in order to drive SRT. We present three schemes below.
One approach is to employ a Mach-Zehnder (MZ) interferometer, where the beam is split and recombined at another location with path length difference ∆x (see figure   1c ). The expression for the Rabi frequency is
where µ This can be circumvented by introducing a relative frequency shift ∆ω >> Ω between the two paths of the MZ. This shift can be compensated by changing the modulation frequency of the EOM by ±∆ω/2, resulting in a Rabi frequency of
where ∆k = ∆ω/2c << δk. Note that the cosine term has been replaced by a phase factor e −ik∆x , thus eliminating the effects of small changes in ∆x on the magnitude of the Rabi frequency. In this case, the SRT Rabi frequency can be as high as Ω = 0.244Ω 0 for φ = 0.764 and δk∆x = (2j + 1)π, where j is an integer.
In the experiment, we set ∆ω to be 2π × 4MHz and measure the Rabi frequency Ω as the relative path length ∆x of the MZ is varied. We fit Ω to Eq 4 to extract the modulation index φ, which is also independently measured with a Fabry-Perot spectrum analyzer. The results are plotted in Figure 3 . The dependence on gross path length difference with spatial period ∆x = 2π/δk = 4.13cm is clearly visible.
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We also shaped the sideband spectrum without using a MZ interferometer by detuning the fsr of the frequency doubling cavity slightly from a subharmonic of the EOM frequency. This detuning modifies the amplitude and phase of each sideband with respect to the carrier, resulting in a Rabi frequency of
where δ < 1 is the number of cavity linewidths by which the first sideband is detuned from a cavity resonance. Figure 4 displays Ω versus φ for various cavity detunings, and the data agree with Eq 5.
Another possible scheme involves the suppression of certain spectral components.
By setting the fsr of the cavity to be ω HF /(2n + 1) where n is an integer, only alternating sidebands will resonate. When the even or odd sidebands are selected, we
find
The maximum Ω even is 0.230Ω 0 at modulation frequency φ = 1.173, while the maximum Ω odd is 0.279Ω 0 at φ = 1.603.
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The techniques reported here have been extended to drive SRT between internal and motional states of trapped ions for entangling quantum logic operations. Here, the modulated Raman beams are split with a beamsplitter and recombined at the ion with non-copropagating wavevectors. The resulting MZ interferometer gives rise to Rabi oscillations according to Eqs 3 or 4, with the additional dependence on the motional state of the ion. 2 In addition, by inserting an appropriate relative frequency shift ∆ω between the arms of the interferometer, the resulting pair of offset frequency combs can be used to implement the Molmer-Sorensen bichromatic quantum logic gate scheme.
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In summary, we have used a high-frequency EOM to demonstrate SRT Rabi theory, and the data are fitted to Eq 5 using the y-axis scale and detuning as parameters. The fits agree with independent measurements of the cavity free spectral range and EOM modulation frequency.
